The NF-B family of transcription factors plays a critical role in numerous cellular processes, particularly the immune response. Our understanding of how the different NF-B subunits act coordinately to regulate gene expression is based on a limited set of genes. We used genome-scale location analysis to identify targets of all five NF-B proteins before and after stimulation of monocytic cells with bacterial lipopolysaccharide (LPS). In unstimulated cells, p50 and p52 bound to a large number of gene promoters that were also occupied by RNA polymerase II. After LPS stimulation, additional NF-B subunits bound to these genes and to other genes. Genes that became bound by multiple NF-B subunits were the most likely to show increases in RNA polymerase II occupancy and gene expression. This study identifies NF-B target genes, reveals how the different NF-B proteins coordinate their activity, and provides an initial map of the transcriptional regulatory network that underlies the host response to infection. chromatin immunoprecipitation ͉ immune response ͉ transcription factor ͉ macrophage ͉ gene expression
M
any transcriptional regulators exist as families sharing similar structures, DNA sequence preferences, and biological functions. The human NF-B family contains five members: p65 (RelA), p50, c-Rel, RelB, and p52. These subunits form homo-and heterodimers that control a broad spectrum of biological processes, including development, apoptosis, and the immune response (1, 2) . The NF-B regulators have also been implicated in a variety of disease states, such as chronic inflammation, diabetes, and cancer (3) (4) (5) (6) .
NF-B is essential for initiation of the innate immune response. Mice deficient in NF-B family members exhibit defects in macrophage activation and a compromised immune response to pathogens (7) . NF-B is activated in macrophages downstream of pathogen-sensing Toll-like receptors (TLRs) through an evolutionary conserved signaling pathway (8, 9) . Lipopolysaccharide (LPS), a component of the Gram-negative bacterial cell wall, binds to TLR-4 and induces a gene expression program almost identical to that induced by whole bacteria (10, 11) .
In many cells, NF-B is sequestered in the cytoplasm through interaction with inhibitory IB proteins (1) . However, the constitutive presence of p50 has been detected in the nucleus of unstimulated monocytes and other cell types where it has been shown to bind to a limited number of promoters (12) (13) (14) (15) (16) (17) (18) . More recently, NF-B dimers were revealed to constantly shuttle between the cytoplasm and the nucleus in unstimulated cells (17) . p50 lacks a transcriptional activation domain and therefore acts predominantly to repress gene expression, although it can also activate transcription in association with other regulators (16) (17) (18) (19) (20) (21) (22) . After cellular stimulation, IB proteins are ubiquitinated and degraded, leading to the increased nuclear presence of all NF-B subunits and transcriptional activation of their target genes (1) .
Chromatin immunoprecipitation (ChIP) has been used successfully to identify direct targets of NF-B in living cells (16, 18, (23) (24) (25) . However, these studies have been restricted to either a small set of genes or selected NF-B subunits. This lack of genomic binding data for each NF-B subunit limits our understanding of how the different NF-B family members act coordinately in the cell. To improve our understanding, we have performed a genome-scale survey of NF-B binding before and after stimulation of human monocytic cells with bacterial LPS. These data identify previously unknown NF-B target genes and reveal the coordinated action of the five different NF-B proteins.
Results

NF-B Binding in Cells
Before and After LPS Stimulation. We used genome-scale location analysis to profile DNA binding of NF-B proteins in U937 cells before and 1 h after LPS stimulation. Genome-scale location analysis couples ChIP with microarrays to identify DNA sequences bound by transcription factors in living cells (25) (26) (27) (28) (29) (30) . DNA sequences that are bound by the transcription factor of interest are enriched in the ChIP fraction relative to whole genomic DNA. For this study, we used antibodies that have previously been shown to be specific for each of the five NF-B proteins (Table 1 , which is published as supporting information on the PNAS web site) and microarrays containing probes verified to represent 9,496 proximal promoters (30) . All NF-B binding experiments were performed in triplicate and P values were calculated to assess the significance of each binding event (see Materials and Methods) (26, 28, 30) . We selected a stringent P value threshold of 0.002 to identify genes bound by NF-B (Fig. 6 , which is published as supporting information on the PNAS web site).
NF-B subunits together were found to occupy a total of 348 genes at P values below 0.002 (Fig. 1) . NF-B bound 157 genes in unstimulated cells and 326 genes after LPS induction. Our list of NF-B target genes was enriched for genes with roles in the immune response and transcriptional regulation ( Table 2 , which is published as supporting information on the PNAS web site) and included 38 previously known NF-B targets, for example CCL3 (MIP-1␣), CCL4 (MIP-1␤), CSF2 (GM-CSF), IL8, PTGS2 (COX-2), RAC2, SRF, STAT5A, TNF, and TRAF1. Eleven other previously known target genes were found to be bound at P values between 0.002 and 0.01, including CXCL1, CXCL3, IL10, and IRF1. The identities of the NF-B target genes identified here (P Ͻ 0.002) can be found in Table 3 , which is published as supporting information on the PNAS web site. In addition to rediscovering well characterized NF-B targets, we found many other target genes such as CD58 (LFA3), CREB1, HSPCB (HSP90-␤), IL6ST (GP130), ITGA5, JUN, NFKBIB (IB␤), NRAS, RB1, and VAV1. Gene-specific PCRs of ChIP material compared with whole-cell extract corroborated binding interactions detected by the array (Figs. 6 and 7, which are published as supporting information on the PNAS web site).
p50 and p52 Bind to Significant Numbers of Genes Before Cellular
Stimulation. We found that each of the NF-B subunits occupied a greater number of genes after LPS stimulation (Fig. 1) . However, there were striking differences in the extent to which the various subunits were excluded from binding their target genes in unstimulated cells. Consistent with previous data, p65 binding was not detected in unstimulated cells, but we identified 107 target genes after LPS stimulation. All of the other NF-B subunits occupied some gene promoters in unstimulated cells and a larger but overlapping set of genes after LPS induction. RelB and c-Rel bound only very small fractions of their target genes in the absence of LPS stimulation (13% and 10%, respectively). In contrast, p50 and p52 occupied a large fraction of their target genes in unstimulated cells (66% and 54%, respectively), the majority of which remained bound after LPS treatment. Genes bound by p50 and p52 in unstimulated U937 cells included the known NF-B targets CCL3, CSF2, GADD45B, HLA-B, and NFKB2 (p100͞p52) itself. The presence of both p50 and p52 in the nucleus of U937 cells was confirmed by cellular fractionation followed by immunoblotting (Fig. 8 , which is published as supporting information on the PNAS web site). We conclude that, in unstimulated U937 cells, p50 and p52 not only enter the nucleus but also occupy a significant fraction of their target genes.
NF-B Co-Occupies Genes with RNA Polymerase II in Unstimulated Cells. p50 has been associated with both gene activation and gene repression. We therefore examined the transcriptional status of genes bound by NF-B in unstimulated cells. We first used genome-scale location analysis to identify promoters bound by RNA polymerase II ( Fig. 2A) . We found that RNA polymerase II was bound to the majority (83%) of p50 targets. Genes bound by p52 and RelB were also generally co-occupied by RNA polymerase II. The absence of any detected p65 binding in our unstimulated cell population indicated that these cells had not been inadvertently activated.
RNA polymerase II occupancy suggested that these NF-B target genes may be transcribed. To investigate, we used gene expression microarrays to assess whether RNA transcripts for these genes were present in unstimulated U937 cells. Of the 79 genes bound by NF-B and RNA polymerase II and represented on the microarray, transcripts for 62 (78%) were called present by the microarray software, compared with 50% for all genes. Therefore, the majority of genes bound by NF-B and RNA polymerase II in unstimulated cells are transcribed. To assess the level at which these genes were expressed, we aligned our binding data with expression data depicting the relative expression level of genes in 79 different human cell and tissue types (Fig. 2B ) (31) . About one-third of NF-B-bound genes were expressed in monocytes at levels over twice that of other cell types, including CCL3, CD58, DAF, HLA-B, HLA-F, and ITGA5. Conversely, 10% of genes, including CCL4 and C3, were occupied by NF-B and expressed in monocytes at levels less than half that of other cell types. Therefore, in unstimulated cells, NF-B is associated with a set of RNA polymerase II-bound genes that exhibit a range of expression levels.
p50 Targets in Unstimulated Cells Are Bound by Other NF-B Subunits
After LPS Induction. The genes IL6 and IFNB1 (IFN-␤) are known to be occupied by p50 in unstimulated cells and then by additional NF-B family members after cellular stimulation (16, 18) . Therefore, the initial binding of p50 to genes in unstimulated cells may be a common event at NF-B target genes. To test this hypothesis, we analyzed the fraction of genes bound by NF-B in LPS-stimulated cells that were prebound by p50 in unstimulated cells (Fig. 3) . We found that 67 of the 141 p50 targets in unstimulated cells were bound by other NF-B subunits after LPS treatment (P ϭ 5 ϫ 10 Ϫ20 ). p50 remained bound to 64 of these 67 genes. Different subunits showed varying preferences for p50 prebound genes. p52 had the strongest preference for p50 prebound genes, with 79% of p52 targets in LPS-induced cells being prebound by p50, due to the fact that p52 was often already bound with p50 in unstimulated cells. p65, RelB, and c-Rel showed less preference for p50 prebound genes; Ϸ30% of the targets of each of these subunits were prebound by p50. As a negative control, we also compared the p50 data with the DNA binding pattern of E2F4 (Table 4 , which is published as supporting information on the PNAS web site). There was only a slightly higher correlation between the set of p50 prebound genes and E2F4 targets than expected by chance (randomized data; Fig. 3 ). We conclude that many NF-B target genes are bound by p50 before cellular stimulation.
Analyses of single and multiple NF-B subunit knockout mice indicate that individual subunits fulfill both unique and shared functions with other family members (7) . To assess the role that coordinated DNA binding might play in these phenomena, we compared the degree with which the targets of the different NF-B subunits overlapped after LPS stimulation. We found that, in stimulated cells, the majority of binding events occurred at gene promoters that were occupied by more than one NF-B family member. Whereas 191 binding events occurred at genes bound only by a single subunit, 289 binding events occurred at genes bound by two or more subunits (135 genes). Strikingly, we identified 22 genes that were bound by four different NF-B subunits and 15 genes that were bound by all five NF-B family members. These genes included CCL3 (MIP-1␣), ICAM1, NFKB2 (p52), and TRAF1 and are listed in Table 5 , which is published as supporting information on the PNAS web site. Therefore, genes are often occupied by multiple NF-B family members in stimulated cells.
Genes Bound by Multiple NF-B Subunits Exhibit Increased RNA
Polymerase II Occupancy and Gene Expression. Upon LPS stimulation, additional NF-B molecules enter the nucleus and activate transcription (1, 17) . We therefore questioned whether the binding of NF-B subunits was associated with increases in the transcription of their target genes after LPS treatment. Using . 3 . After LPS stimulation, NF-B subunits bind to promoters that were previously bound by p50. Fraction of bound genes in activated cells that were prebound by p50 before stimulation at two significance levels, 0.002 (dark blue) and 0.01 (light blue). All NF-B subunits bound to significant numbers of p50 target genes. In contrast, the binding pattern of E2F4 was not related to p50 binding and followed the pattern expected by chance (randomized data).
genome-scale location analysis, we measured the difference in RNA polymerase II occupancy between activated cells and resting cells (Fig. 4A) . We found that NF-B was more often associated with genes to which RNA polymerase II was recruited than with those where it was lost. When ordered by change in polymerase II occupancy, the top 20% of genes comprised 50% of all NF-B binding events, whereas the bottom 20% of genes accounted for only 6%. This increase in RNA polymerase II was correlated with the recruitment of p65, c-Rel, and RelB subunits, NF-B proteins that contain transcriptional activation domains (Fig. 9 , which is published as supporting information on the PNAS web site).
We next examined whether NF-B binding was associated with changes in gene expression. We harvested U937 cells before and 1, 3, 9, and 27 h after exposure to LPS and measured changes in RNA abundance by using DNA microarrays (Fig. 4B) . As also shown by the RNA polymerase II data, NF-B was more often associated with genes that became activated than with genes that were repressed. Furthermore, p65, c-Rel, or RelB were recruited to 92% of the NF-B target genes that were up-regulated after LPS stimulation (P ϭ 1 ϫ 10 Ϫ6 ). We conclude that transcriptional activation of NF-B target genes is associated with the recruitment of NF-B subunits that contain a transcriptional activation domain.
We noticed that genes to which RNA polymerase II was recruited or which increased in expression tended to be bound by multiple NF-B family members. To examine this relationship in more detail, we calculated the fraction of genes that exhibited increases in gene activity upon the recruitment of different numbers of subunits after LPS stimulation (Fig. 4C) . Gene activity was assessed by two measures, an increase in RNA polymerase II occupancy and an increase in mRNA abundance. We found that the greater the number of different family members that were recruited, the greater the fraction of genes that became activated. Increases in RNA polymerase II occupancy and mRNA abundance were also found to correlate with the number of NF-B motifs present in the gene promoter, indicating that multiple NF-B subunits could be binding within single cells (Fig. 4D) . Taken together, these data suggest that the presence of multiple NF-B subunits enhances the recruitment of RNA polymerase II and gene transcription.
NF-B Target Genes Form Part of the Transcriptional Program That
Underlies the Host Response to Pathogens. Macrophages and other host cells respond to a range of different pathogens by inducing a core gene expression program (10, 11) . To determine whether the NF-B targets discovered from our analysis formed part of the host transcriptional response to pathogens, we collated gene expression data from primary macrophages exposed to a number of different bacterial species (10) and compared this information with our NF-B binding data. Fig. 5 depicts NF-B targets that have been described to change their expression in macrophages in response to bacterial stimuli in refs. 10 and 11. Within the set of regulated genes were many previously known NF-B targets, for example CCL1 (TCA3), CCL3 (MIP-1␣), CCL4 (MIP-1␤), CCL5 (RANTES), IL1B, IL8, NFKB2 (p52), PTGS2 (COX-2), STAT5A, and TNF. There were also several genes known to have important roles in the immune response that have not been defined previously as NF-B targets, including DAF (CD55), MX2, NFKBIB (IB␤), PMAIP1, SERPINB2 (PAI-2), and STAT1 (gene names are in red in Fig. 5 ). In addition, there were genes for which a role in the immune response has been suggested only by their expression profile (CCRL2, GYPC, MAPK6, TJP2, and UBE2H). The identification of these genes as direct NF-B targets supports the hypothesis that they constitute an important part of the immune response.
Discussion
We have performed a genome-scale analysis of DNA binding for all five members of the human NF-B family in unstimulated and LPS-induced monocytic cells. In unstimulated cells, p50 and p52 are bound to the promoters of many NF-B target genes. Upon cellular stimulation with LPS, other NF-B family members enter the nucleus and bind to those genes and to other genes, leading to increases in RNA polymerase II occupancy and gene expression.
Our analysis was focused on the binding of NF-B to Ϸ10,000 well defined proximal promoter elements during the initial response to LPS stimulation. We identified binding events by using a stringent statistical threshold to minimize our false positive rate. These restrictions guard against inaccuracies in the data and aid in its interpretation but may also cause us to miss some genuine NF-B binding events. Even with these restrictions, we have identified 348 genes bound by NF-B, doubling the number of experimentally derived direct targets and increasing our understanding of the role of NF-B in the initiation of the immune response.
Binding of p50 and p52 to NF-B Target Genes Before LPS Stimulation.
We discovered that NF-B target genes can be divided into two sets; those that are bound before cellular stimulation and those that are only bound after cellular stimulation. p50 accounted for the majority of NF-B binding activity in unstimulated cells. The constitutive presence of p50 has been documented in a number of cell types, including U937 cells (12) . However, previously only two genes, IFN-␤ and IL-6, had been shown by ChIP to be bound directly by p50 under resting conditions (16, 18) . Our results support a model in which p50 not only shuttles between the cytoplasm and nucleus in unstimulated cells (17) but also binds to a substantial number of promoters.
We also detected p52 bound to DNA in unstimulated U937 cells. In most cell types, the processing and nuclear localization of p52 are considered to be under tighter control than for p50 (1), although p52 is constitutively nuclear in Panc1 and U937 cells (12, 32) (Fig. 8) . Some lymphoma cell lines contain a mutant form of p100 that is constitutively active, but these proteins are smaller than the 100-kDa form present in U937 cells (33) . The vast majority of the genes bound by p52 in unstimulated cells were also bound by p50. We believe that this relationship is unlikely to be because of the p52 antibody cross-reacting with p50 because the peptide sequence to which the p52 antibody was raised bears no similarity to any part of p50 and does not recognize p50 in Western blots (Table 1 and Fig. 8) . The shared targets of p50 and p52 may instead reflect an association between these two proteins (34).
p50 and Gene Expression in Unstimulated Cells. Considering that neither p50 nor p52 contain a transcriptional activation domain, these proteins may not be responsible for the basal level of target gene activity in unstimulated cells. Consistent with this model, the expression levels of MHC class I and TNF, whose genes are bound by p50 and RNA polymerase II in U937 cells, are unaltered in cells from p50-null mice (20) . p50 is generally considered to repress transcription in unstimulated cells (16) (17) (18) . Ishikawa and colleagues (21) generated mice that lack the inhibitory p50 precursor p105 but maintain expression of p50 itself. Macrophages from these mice express lower levels of the NF-B target genes GM-CSF (CSF2), ICAM1, IL6, and TNF than wild-type mice. However, although these data indicate that p50 is repressive, we note that expression of these genes was detected by the authors in wild-type macrophages (21) . Consistent with these data, we detect both p50 and RNA polymerase II at the CSF2, ICAM1, and TNF gene promoters in U937 cells. Therefore, although p50 may have a repressive effect on gene expression, it does not completely prevent RNA polymerase II binding in wild-type cells.
NF-B Binding After LPS Stimulation. LPS stimulation leads to an increase in NF-B binding, with p65, c-Rel, and RelB exhibiting the greatest increases in gene occupancy (Fig. 1) . These subunits contain transcriptional activation domains, and their recruitment leads to an increase in RNA polymerase II binding and gene expression (Fig. 4) . Therefore, genes bound by p50 are not fully activated in unstimulated cells, and this activation may require the replacement of the p50 homodimer with more activating heterodimers (1, 17) .
Interestingly, the greater the number of NF-B subunits that are recruited, the greater the fraction of genes exhibiting increases in RNA polymerase II binding and gene expression. We have profiled protein-DNA interactions in a cell population, so it is possible that genes bound by multiple NF-B subunits are actually bound by different subunits in different cells. However, we found that RNA polymerase II binding and gene expression were also correlated with the number of NF-B binding sites present in the proximal promoter. Therefore, the simplest explanation for the observed correlation between the number of different subunits bound and RNA polymerase II binding is that these different subunits cooccupy genes within single cells. One model that fits these data is that the different NF-B family members can activate gene expression cumulatively, possibly through their interaction with different chromatin modifiers (35) .
A Transcriptional Regulatory Network Involving NF-B Family Mem-
bers. The experimental approaches we have undertaken allow us to begin reconstructing the transcriptional regulatory network that underlies the host response to infection (Fig. 10 , which is published as supporting information on the PNAS web site). NF-B is known to induce the expression of genes encoding other transcription factors involved in the immune response, for example IRFs, SRF, and STAT5A (36) (37) (38) . We discovered additional NF-B target genes that encode transcription factors known to be involved in the regulation of the immune response, among them CREB1, JUN, STAT1, STAT6, and TFAP2A (AP-2). Indeed, ''transcription factor activity'' was one of the most significantly enriched gene ontology terms associated with the set of genes bound by NF-B (Table 2) . Thus, the LPSstimulated gene expression program in U937 cells is the product of both direct regulation of a set of genes by NF-B and indirect regulation of an additional set through the action of transcription factors downstream of NF-B. Some genes are targets of both NF-B and of NF-B-targeted regulators and are thereby controlled by a transcriptional feed-forward loop. For example, CDKNA1 and IL10 are regulated by both NF-B and STAT1 (39, 40) . The feed-forward loop is used to generate outputs only after prolonged activation (30) and may be necessary for IL-10 because early activation of this antiinflammatory cytokine could compromise the initial phase of the immune response.
NF-B activation is autoregulatory because of the induction of genes encoding the inhibitor IB␣, its own subunits, and many other proteins modulating NF-B activity (41, 42) . Our list of NF-B targets contains additional genes affecting the activity of NF-B, including NFKBIB (IB␤), S100A12, and TANK. It was suggested that NFKBIA, but not NFKBIB, is regulated by NF-B, based on studies with LPS-stimulated pre-B-cells (41) . However, gene-specific ChIP confirmed that p65 and p50 occupied the NFKBIB promoter in LPS-stimulated U937 cells (Fig. 7) . Furthermore, this result is consistent with the observation that the levels of both IB␣ and IB␤ are reduced in p65͞p50 doubleknockout embryonic stem cells (43) .
The majority of human transcription factors can be separated into families in which members share similar structures, DNA binding specificities, and biological functions. Comparative genomics indicates that many families evolved through gene duplication events, but it is often unclear how the functions of individual family members have diverged and how they work together to regulate gene expression. Our results reveal the manner in which NF-B family members act coordinately to regulate gene expression. Extending this work to other transcription factor families will reveal whether they adopt similar or alternative strategies for controlling gene expression.
Materials and Methods
Cells and Growth Conditions. U937 cells were obtained from American Type Culture Collection (ATCC) and cultured according to ATCC recommendations. Cells were treated with 2.5 g͞ml LPS (E. coli 05:88; Sigma) for 1 h for genome scale location analysis experiments and for 1, 3, 9, and 27 h for expression analysis experiments. (30) . The affinity-purified NF-B antibodies were raised against nonconserved N-or C-terminal regions of the proteins to avoid cross-reactivity with other NF-B subunits. Their specificities have been documented by numerous publications (Table 1) .
Human Promoter Array. We constructed a custom DNA microarray that contains the promoter proximal regions of 9,496 human genes when mapped to the August 2003 assembly of the human genome and with PCR products verified by agarose gel electrophoresis. We targeted the region spanning 700 base pairs upstream and 200 base pairs downstream of the transcription start sites best characterized by National Center for Biotechnology Information annotation. The array production process has been described in detail (30) .
Genome-Scale Location Analysis. The genome-scale location analysis protocol is described in detail as Supporting Text, which is published as supporting information on the PNAS web site. To begin, 5 ϫ 10 7 cells were cross-linked with 1% formaldehyde for 10 min and the reaction stopped by adding 1͞20 vol 2.5 M glycine. The cross-linked material was washed with PBS, lysed, and sonicated 15 times for 20 s at 40W. The sheared chromatin was incubated with specific antibodies coupled to protein G magnetic beads (Invitrogen) for 16 h at 4°C. After washing and eluting with 1% SDS, the DNA was recovered by reversing the cross-links overnight at 65°C. The DNA isolated by ChIP was quantified by using Picogreen (Molecular Probes) and, together with an equal amount of input DNA, was blunted and amplified by ligation-mediated PCR. The material was Cy5 (ChIP) or Cy3 (WCE) dye labeled with the Klenow fragment of DNA polymerase and hybridized to the human promoter array. Genes bound by the protein of interest exhibit high signals in the immunoprecipitation channel relative to the WCE channel.
Analysis of Location Data.
A whole-chip error model was used to combine data for the triplicate experiments and obtain a final average binding ratio and P value for each promoter region (26, 28, 30) . The P value is a statistical measure of the significance of binding, based on the magnitude of the enrichment ratio and the strength of the signal from the microarray element. Genes with low P values are more likely to be bound than genes with high P values. Selecting a low P value threshold, identifies a relatively low number of genes with a low false positive rate but a high false negative rate, whereas selecting a higher P value, identifies a larger number of genes but with a correspondingly higher false positive rate and a lower false negative rate.
Expression Analysis. We harvested total RNA from 5 ϫ 10 6 untreated cells or cells treated with LPS (2.5 g͞ml) by TRIzol extraction. Ten micrograms of total RNA was labeled according to Affymetrix protocols and hybridized to Affymetrix HGU95Av2 arrays. The data were analyzed by using Affymetrix Microarray Suite software. Each array was scaled to 150, and ratios were taken to the average of two duplicate time 0 controls. Data for primary macrophages were taken from ref. 10 .
